Specific treatments of the base surface of InGaP / GaAs heterojunction bipolar transistors are studied experimentally. The dual treatment method, based on the combination of ledge and sulfur passivation, shows better temperature-dependent characteristics including higher dc gain, lower saturation voltage, lower base-emitter junction turn on voltage, lower leakage current, lower collector and base current ideality factors n C and n B , and wider collector current operating regimes over the measured temperature range ͑300-400 K͒. Therefore, the dual surface treatment method provides promise for high-performance electronic applications.
I. INTRODUCTION
Recently, InGaP / GaAs has been applied widely in highperformance heterojunction bipolar transistors ͑HBTs͒ due to its larger valence-band discontinuity and smaller conductionband discontinuity as compared to AlGaAs/ GaAs. [1] [2] [3] [4] Generally, the electrical properties of the exposed GaAs surface are degraded seriously by the high density of surface states and large surface recombination velocity. [5] [6] [7] [8] In particular, defects produced by native surface oxides are known to deteriorate the performance and reliability of minority carrier devices. In order to overcome this drawback, some improved structures for reducing the surface recombination current were reported, such as the depleted InGaP passivation layer 5, 6 and sulfide based chemical treatment. 7, 8 For the InGaP passivation method, an additional leakage path due to the thick InGaP layer results in the increase of base current. On the other hand, if the used InGaP passivation layer is too thin, the blocking effect on electrons would be degraded. 6 Besides, the poor reliability of sulfide based chemical treatment has hindered the development of HBT devices for circuit application.
In this work, a dual treatment method, based on the combination of an emitter ledge structure and surface sulfur ͓͑NH 4 ͒ 2 S X ͔ passivation, is employed on the base surface of an InGaP / GaAs HBT. This method is different from the conventional emitter ledge structure in which an additional sulfur passivation layer exists on the exposed base surface. The sulfur passivation effect causes a significant reduction of extrinsic states near the middle of the forbidden energy gap. 7, 8 Thus, the sample surface is free of native oxide and the reaction is terminated by sulfur atoms after treatment. 9 Experimentally, good dc performance with improved thermal stability is obtained.
II. EXPERIMENT
The studied HBT structure was grown by a low-pressure metal organic chemical vapor deposition ͑LP-MOCVD͒ system on a GaAs substrate. The epitaxial layers consisted of a 5000 Å n + -GaAs ͑n + =4ϫ 10 18 cm −3 ͒ subcollector, a 9000 Å n − -GaAs ͑n − =2ϫ 10 16 cm −3 ͒ collector, a 1000 Å p + -GaAs ͑p + =2ϫ 10 19 cm −3 ͒ base, a 400 Å n-In 0.49 Ga 0.51 P ͑n =3 ϫ 10 17 cm −3 ͒ emitter, a 1000 Å n + -GaAs ͑n + =4 ϫ 10 18 cm −3 ͒ subemitter, a 500 Å n + -In x Ga 1−x As ͑x = 0 -0.5, n + =4ϫ 10 18 -2ϫ 10 19 cm −3 ͒ graded layer, and a 500 Å n + -In 0.5 Ga 0.5 As ͑n + =2ϫ 10 19 cm −3 ͒. For comparison, three different samples, denoted devices A, B, and C, were used in this work. For device A, a dual treatment, based on the combination of an emitter ledge structure and surface sulfur ͓͑NH 4 ͒ 2 S X ͔ passivation, was used on the base surface after the emitter layer etching. ledge structure was used. Finally, device C was fabricated by a traditional HBT process without any base surface passivation. The schematic structures of base surface treatments of studied devices are shown in Fig. 1 . The mesa dimensions of the emitter and base were 5 ϫ 22 m 2 and 21ϫ 24 m 2 , respectively. The space between emitter ͑collector͒ and base contacts was 4 ͑7͒ m. Furthermore, symmetrical devices were used in this work. The conventional device fabrication processes, including photolithography, vacuum evaporation, and chemical wet selective etching, were used to produce these HBT devices. H 3 PO 4 :H 2 O 2 :H 2 O=6:3:100 and HCl: H 2 O=1:1 solutions were used to etch the GaAs ͑In-GaAs͒ and In 0.49 Ga 0.51 P layers, respectively. Finally, contact vias were formed on the spun-on planarizing polyimide, which allowed metal connection between the emitter, base, and collector contacts and the external pads. Due to the used polyimide passivation on the sulfur treated surface, the Ga and As sulfide species were covered and passivated by polyimide passivation. Therefore, the mixed oxides ͑such as As 2 O 3 and Ga 2 O 3 ͒ that appeared on the exposed surface were decreased and the sulfur treated effect could be effectively maintained. For devices A and B, the width ͑w͒ and height ͑h͒ of depleted In 0.49 Ga 0.51 P ledge were 1 and 0.04 m, respectively. The space between the base contact and this ledge was 3 m. The fixed ͑NH 4 ͒ 2 S X solution contained the total sulfate weight fraction of 5%. Pt/ Au and AuGe/ Au were evaporated to form the p-base and n-emitter ͑collector͒ Ohmic contacts, respectively. The emitter sizes of all studied device were fixed at 3 ϫ 20 m 2 . The dc scharacteristics were measured by an HP4156A precision semiconductor parameter analyzer combined with a BD-8 probe station and an HT-200 hot chuck system.
III. THE MECHANISM OF SULFUR TREATMENT AND LEDGE PASSIVATION
It is known that, if the exposed GaAs base surface is not well passivated, the oxygen reacts with GaAs as where the amount of sulfur bonds with Ga or As atom is determined by the vacancy sites of Ga or As formed on the interface during the surface preparation of sulfidation. Figure  2 illustrates the GaAs surface reaction after ͑NH 4 ͒ 2 S X treatment. As indicated in Eq. ͑4͒, the Ga 2 S 3 and As 2 S 3 are generated and formed on the exposed GaAs surface, and then the amount of the Ga-and As-related vacancies that appeared on the exposed surface are decreased. This indicates that the density of surface defects can be suppressed for the sulfur passivated surface. Thus, the redistribution and migration of the defects and traps are modified by sulfur passivation on the imperfect interface. 9 Based on the full sulfur passivation, the lower specific contact resistance and sheet resistance could be expected.
For a device without a ledge structure, as shown in 
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bination rate through surface states and Fermi-level pinning on the extrinsic base surface, the surface recombination current component I S becomes pronounced. 9, 12 The surface Fermi level pinning near the emitter mesa edge leads to surface depletion and a strong downward bending of the bands, as shown in Fig. 3͑a͒ . This implies that electrons presented near the emitter ledge edge would be preferentially injected into the unpassivated base surface. Then the remarkable surface recombination would be found at the edge of the emitter mesa. 9, 12 Figure 3͑b͒ shows the cross section drawing of a HBT device with emitter ledge passivation and the band diagram through the emitter ledge as indicated by cut B. In the structure, a thin ledge of emitter material was left covering the base surface surrounding the emitter mesa that can dramatically reduce the surface recombination current component I S and hence can improve device scaling performance. 9, 12 When the emitter ledge is completely depleted, carriers are not presented for recombination on the exposed ledge surface and only the bulk recombination current component I B is found. In addition, holes injecting from the base are prevented from reaching the ledge surface by the emitter-base heterojunction valence band discontinuity. Once the ledge is depleted, the supply of electrons to fill the surface states is substantially suppressed. As a result, the significant reduction in surface recombination current can be achieved as compared with the case without any passivation on the base surface.
IV. RESULTS AND DISCUSSION
The common-emitter current-voltage characteristics of the studied devices A, B, and C at different temperatures are shown in Fig. 4 . The controlled base current is applied at I B =60 A/step. Under the base current of I B =60 A, the collector current I C of devices A, B, and C are decreased from 5.55, 5.35, and 5.03 mA to 4.95, 4.65, and 4.12 mA, respectively, as the temperature is increased from 300 to 400 K. Because the thermal leakage current and hotcarrier injection, occurring in the vacancies of extrinsic base regime and emitter perimeter, can be effectively passivated by the formation of InGaP ledge passivation and sulfur treatment, 9, 12 device A reveals better thermal stability in I C than devices B and C. Therefore, the dual passivation method can extend the device application regimes into higher temperature environments. In addition, the I C values of device A are substantially higher than those of device B, which indicates that an additional sulfur passivation layer indeed further reduces the surface recombination current and prevents the surface channel phenomenon on the unpassivated base surface between the depleted ledge and base contact. The common-emitter saturation voltage ͑V sat ͒, obtained at I B =20 A, is defined here as the collector current that reaches 95% of its highest saturated value. 13 Experimentally, as the temperature is elevated from 300 to 400 K, the V sat values of devices A, B, and C are increased from 0.79, 0.91, and 0.92 V to 0.86, 1.01, and 1.02 V, respectively. Clearly, device A with dual passivation can substantially reduce the V sat and hence exhibits improved V sat performance. Figure 5 shows the base-emitter ͑BE͒ junction turn-on voltage V BE͑on͒ as a function of temperature. The V BE͑on͒ value is defined as the conducting current reaches 100 A. At 300 K ͑400 K͒, the V BE͑on͒ values of the devices A, B, and C are 1.14 ͑0.99͒, 1.16 ͑1.01͒, and 1.16 ͑1.02͒ V, respectively. Experimentally, due to the reduction of the energy band gap ͑E g ͒, the V BE͑on͒ values decrease as the temperature is increased. The temperature coefficients of V BE͑on͒ of devices A, B, and C are −1.53, −1.44, and −1.44 mV/°C, respectively. In addition, the V BE͑on͒ values of device A are lower than those of devices B and C. This shows that the series resistance of BE junction can be effectively decreased by the use of dual passivation.
The BE junction leakage currents of the studied devices A, B, and C at different temperatures are illustrated in Fig. 6 at V BE = −3 V. Due to the ledge passivation on the exposed base surface, the base-emitter junction leakage currents of devices A and B are substantially lower than those of device C ͑without any passivation͒. It is worth noting that the junction leakage currents of device A are lower than those of device B over the whole measured temperature regime. The main difference between devices A and B is the additional sulfur passivation layer for device A. The difference in the junction leakage current directly proves that the surface recombination indeed occurs on the exposed base surface between the base contact and emitter ledge. Therefore, the surface recombination current could be further reduced by the emitter ledge structure and surface sulfur passivation. Figure 7 shows the Gummel plots of the studied devices A, B, and C measured at 300 and 400 K. The collector-base voltage is kept at V CB =0 V. At V BE = 1 V, the base current I B values are 4.47ϫ 10 −9 ͑1.1ϫ 10 −8 , 2.45ϫ 10 −8 ͒ A and 5.88 ϫ 10 −7 ͑2.97ϫ 10 −6 , 5.92ϫ 10 −6 ͒ A for the device A ͑B, C͒ at 300 and 400 K, respectively. Clearly, the identical collector current I C values for devices A, B, and C over the whole measured temperature regime are observed. However, the base current of device A is substantially lower than those of devices B and C over the whole measured temperature regime. This is mainly caused by the effective suppression of positive temperature-dependent surface recombination current by using dual surface treatment. The ideality factors n C ͑n B ͒ of devices A, B, and C are decreased from 1.09 ͑1.12͒, 1.11 ͑1.15͒, and 1.15 ͑1.42͒ to 1.04 ͑1.05͒, 1.07 ͑1.09͒, and 1.1 ͑1.17͒ as the temperature is increased from 300 to 400 K, respectively. The n C is reduced to the thermionic-emissiondominated value of 1.00 as the temperature goes up to 400 K. It is known that the collector current is a portion of the emitter current, which is not lost in base recombination when electrons are traveling to collector. Therefore, the n C is mostly determined by the electron injection across the EB junction. The difference of n C value from unity is attributed to the contribution of tunneling current through the abrupt BE junction.
14 On the other hand, the n B values of device A are lower than those of devices B and C over the whole measured temperature regime. The larger n B values of device C are mainly attributed to the recombination centers generated in the emitter-base space charge region ͑SCR͒, especially around the emitter edge. 9 Furthermore, the different n B values between devices A and B are mostly caused by the effective suppression of surface channel phenomenon on the unpassivated base surface between the depleted ledge and base contact. Therefore, the surface recombination phenomenon ͑n Ͼ 1͒ is indeed suppressed by using dual surface treatment on the extrinsic base surface. Figure 8 shows the dependences of dc gain ␤ F on the collector current I C at different temperatures. The collectorbase voltage is kept at V CB = 0 V. Experimentally, the effective collector current operating regimes ͑␤ F Ͼ 10͒ are 7 ͑6͒, 7͑5͒, and 6 ͑4͒ decades for devices A, B, and C at 300 ͑400͒ K, respectively. In addition, the current gain of device A is substantially higher than those of devices B and C. It is attributed to the formation of Ga-S, As-S, and In-S bonds on exposed base regime, emitter perimeter, and InGaP emitter ledge. [7] [8] [9] Due to the formation of Ga, As, and In sulfide species on InGaP emitter ledge and exposed base regime, an additional leakage path of incompletely depleted InGaP passivation and the blocking effect on electrons can be compensated. 6, 7 Therefore, device A reveals higher ␤ F values than device B even at high current and temperature regimes.
V. CONCLUSION
The temperature-dependent dc characteristics of InGaP / GaAs HBTs with different treatments on base surface are systematically studied and demonstrated. Due to the use of dual surface treatment on base surface, the device can be operated under extremely low collector current regime with adequate current gain ͑␤ F Ͼ 10͒. Experimental results show that the device with dual passivation reveals the better dc performance including higher dc gain, lower saturation voltage, lower BE turn on voltage, lower leakage current, lower collector and base current ideality factors n C and n B , and wider collector current operating regimes. Therefore, the proposed dual surface treatment technique offers the promise for low-power electronics and communication applications. 
